Introduction
============

Dihydrogen is important in a variety of reactions used to synthesize hydrocarbon fuels, platform chemicals,[@cit1] and to desulfurize hydrocarbons.[@cit2] Hydrogen is also envisioned as a foundational component of a renewable energy economy,[@cit3],[@cit4] serving as both a fuel and a reactant to convert lignocellulosic biomass, brown coal, and biomass-derived pyrolysis oil to fuels and value-added chemicals such as phenols, benzene, toluene, xylene, and gasoline-range aromatics. Catalysts are necessary to activate the strong H--H bond (436 kJ mol^--1^ at 25 °C) and avoid high-temperature pyrolysis that leads to complex product mixtures,[@cit5]--[@cit7] and a variety can be used to achieve milder reaction conditions that improve selectivity and increase hydrogen utilization efficiency. These include noble metals, base metals, metal sulfides, and metal phosphides and carbides.[@cit6]--[@cit8] Typical hydrogenation catalysts combine an oxide support with a transition metal,[@cit7] whereas hydrogenolysis catalysts are often noble metals such as palladium.[@cit8],[@cit9] However, selective hydrogenolysis under mild conditions of the aryl--ether bonds typically found in biomass and coal remains a challenge, in most cases requiring high temperatures and H~2~ pressures (\>250 °C, 30 bar) that lead to poor selectivity and inefficient hydrogen use. Hartwig and coworkers achieved a breakthrough when they reported homogeneous and heterogeneous versions of nickel--carbene complexes that efficiently convert aryl ethers to phenol and the corresponding hydrocarbon,[@cit10],[@cit11] and there are now numerous recent examples of nickel-based catalysts to promote hydrogenolysis of aryl--ether bonds.[@cit12]--[@cit22] A disadvantage of some of these is that a sacrificial base[@cit10],[@cit11],[@cit17],[@cit23] or Lewis acid[@cit13] is required. Aryl ether cleavage in water has been achieved using a nickel catalyst supported on SiO~2~ and HZSM-5;[@cit24],[@cit25] however, in some cases, selectivity is reduced by ring hydrogenation.[@cit24]

Development of earth-abundant hydrogenolysis catalysts could improve the economics of hydrogen utilization, particularly if they can replace noble metals and more costly transition metals; a heterogeneous iron catalyst reported very recently is a promising example.[@cit15] However, catalysts relying on low-cost main-group elements to activate hydrogen are not common. Although they lack the d orbitals known to polarize H~2~, light main group elements form metal hydrides, suggesting that thermodynamically favorable hydrogen activation pathways involving these elements could exist. Moreover, alumina and magnesium oxide, which are common supports for hydrogenolysis catalysts, are known to perform an active role in the hydrocracking.[@cit7] In nature, mild reaction conditions are achieved by hydrogenase enzymes.[@cit26] Their active sites are typically complex Fe--S or Fe--Ni--S clusters that allow electron shuttling and stabilization of protons or hydride ions formed during the reaction.[@cit27] Although highly efficient, these catalysts are too thermally sensitive for industrial use, lack synthetic tunability needed to adapt them to specific processes, and often require a base or costly cofactor.

Metal--Organic Frameworks (MOFs) are a recent entry into the catalogue of hydrogenolysis catalysts. These crystalline, nanoporous materials possess a large number of synthetic handles that allow their pore dimensions and reactive site properties to be tailored to catalyze a particular reaction. A particularly significant advantage is the ability to independently control the concentrations of Lewis and Brønsted acid sites, as well as the pore size. The possibilities are clearly evidenced by the rapidly expanding repertoire of reactions catalyzed by MOFs,[@cit28] which now includes:[@cit29]--[@cit31] addition reactions such as silylation, sulfurization, and cycloaddition; oxidation; epoxidation; decarbonylation; and condensation. Reports of MOFs catalyzing processes using hydrogen as a reactant are rare, however.[@cit32] This is surprising, given the extensive efforts to develop MOFs for hydrogen storage, their well-known high-temperature stability, and reports showing that a number of MOFs are stable in the presence of reducing agents such as metal hydrides.[@cit33],[@cit34] There are now a few reports in which MOFs serving as supports for transition metal nanoparticles to catalyze hydrodeoxygenation, hydrogenation, and hydrogenolysis,[@cit32],[@cit35]--[@cit40] but the MOF itself does not appear to be the agent directly responsible for the hydrogenolysis. In one case, the reaction was conducted in liquid water[@cit36] and tandem catalytic behavior has been observed using the metal-loaded MOF.[@cit37]--[@cit40] MOFs were also shown to be effective as precursors for metal alloy catalysts.[@cit41],[@cit42]

Recently, we demonstrated that two frameworks in the IRMOF-74 series,[@cit43] IRMOF-74(I)--Mg (Mg~2~(dobdc); dobdc = 2,5-dioxido-1,4-benzenedicarboxylate) and IRMOF-74(II)--Mg (Mg(dobpdc); dobpdc = dobpdc = 4,4′-dihydroxy-\[1,1′-biphenyl\]-3,3′-dicarboxylate), are intrinsically catalytic for the hydrogenolysis of C--O aryl ether bonds. These MOFs have, respectively, 11.6 Å and 17.7 Å hexagonal channels lined with Mg^2+^ ions that have unoccupied coordination positions (open metal sites; OMS).[@cit44] Very high selectivities were obtained, with ≤1% ring opening and ring hydrogenation observed. Although the conversions were modest (up to 40%) for these MOFs, we found that they can be more than doubled by infiltrating with transition metals known to activate H~2~. For example, infiltrating IRMOF-74(I)--Mg with TiCl~4~ increased the conversion of phenylethyl phenyl ether (PPE) to ethylbenzene and phenol from 12% to 51%. Similarly, infiltrating with Ni(0) (in the form of an organometallic) increased the conversion even further (to 68%) with no loss of selectivity in either case. This is consistent with our prior report that doping NaAlH~4~-infiltrated IRMOF-74(I) with a titanium halide activates H~2~, enabling the material to reversibly release H~2~ for hydrogen storage purposes.[@cit34] We also found that conversions for three different aromatic ethers, phenylethyl phenyl ether (PPE), benzylphenyl ether (BPE), and diphenyl ether (DPE), were higher using IRMOF-74(II)--Mg, regardless of whether the material was doped with TiCl~*x*~ or Ni(0), supporting the hypothesis that the reaction occurs within the pores, rather than on the surface of the MOF crystals, as has been observed with some other MOF catalysts.[@cit29],[@cit45] It is logical to expect that hydrogenolysis of these ether molecules will increase with increasing MOF pore diameter if mass transport is rate limiting; however, selectivities should be largely unaffected, unless the pore walls interact with both sides of these relatively flat molecules.

The results of our earlier investigations provided a basis for speculation concerning the precise role of the MOF in catalyzing the hydrogenolysis. Density functional theory (DFT) calculations we performed suggest that the unsaturated coordination sphere of the Mg([ii]{.smallcaps}) ions in the activated framework plays an important role in orienting ether molecules within the pore prior to bond cleavage. However, the reason for the higher conversions produced by the catalyst with the larger pores was not determined. Moreover, neither experiments nor modeling clarified whether and how these Mg-based MOFs alone, which lack Pt-group or other transition metals, can activate H~2~.

Here, we present data from kinetic experiments, H--D exchange reactions, solid-state ^25^Mg NMR, and density functional theory (DFT) that provide direct insight into the interactions between the catalyst and reaction molecules. In particular, our results indicate that the pores of these MOFs perform several functions during the hydrogenolysis reaction. First, they provide a high density of OMS, in the form of five-coordinate Mg([ii]{.smallcaps}) ions (IRMOF-74(I) is the highest known for a MOF). Our data indicate that these bind and orient substrate molecules. Second, these OMS bind to and activate adsorbed H~2~, as evidenced by H--D exchange reactions. Third, assisting in this process, the MOF pores increase the local concentration of H~2~ by providing a high surface area to physisorb this weakly interacting gas. Notably, a number of MOFs possess high surface areas and OMS with the ability to adsorb large quantities of H~2~.[@cit46] Our results also shed new light on the role of TiCl~*x*~ and Ni(0) dopants, which increase aryl--ether conversion and accelerate rehydrogenation of metal hydride nanoparticles hosted within the pores of IRMOF-74(1)--Mg.[@cit47] Together, these data suggest design rules for MOF hydrogenolysis catalysts. Importantly, however, a non-monotonic change in conversion with pore diameter shows that subtle changes in pore geometry, even within an isoreticular series, can have significant implications for MOF-based catalysis.

Results
=======

Effect of pore size on hydrogenolysis
-------------------------------------

We systematically probed the effects of pore-size on the hydrogenolysis reaction using three aryl ether compounds: phenylethylphenyl ether (PPE), benzylphenyl ether (BPE), and diphenyl ether (DPE). These were selected because they provide a broad range of C--O bond strengths ([Scheme 1](#sch1){ref-type="fig"}) and are thus a useful reactant suite for probing the effectiveness of these MOFs to catalyze hydrogenolysis. In addition, they are the simplest model compounds exhibiting the β-O-4, α-O-4, and 4-O-5 (or 4,4′) linkages commonly found in lignin. The three reactions considered are shown in [Scheme 1](#sch1){ref-type="fig"}, with the DFT-computed gas-phase Gibbs free energies of hydrogenolysis, all of which are found to be exoergic at the temperature of the reaction.[@cit47] The decreasing magnitude of the thermodynamic driving force (PPE \> BPE \> DPE) is primarily a reflection of the increasing strength of the C--OC~5~H~6~ bond, as the products are similar for the three reactions ([Scheme 1](#sch1){ref-type="fig"}).

![Reactions catalyzed by IRMOF-74(I--IV)Mg, with computed gas-phase Gibbs free energies at 393 K ([@cit47]).](c9sc01018a-s1){#sch1}

Hydrogenolysis experiments conducted using these substrates show that the activated forms of all four IRMOF-74(*n*)Mg variants catalyze the [Scheme 1](#sch1){ref-type="fig"} reactions under the mild conditions we used (120 °C, 10 bar H~2~; [Table 1](#tab1){ref-type="table"} and [Fig. 1](#fig1){ref-type="fig"}). As the catalyst pore size increases from IRMOF-74(I) to IRMOF-74(III) ([Fig. 1](#fig1){ref-type="fig"}), increasing conversion is seen for all three substrates, extending the trend demonstrated previously using only IRMOF-74(I--II)Mg.[@cit47] No reaction was observed in the absence of catalyst. As expected, the conversions are also consistent with the strength of the R--OCH~5~ bond, *i.e*. DPE \< BPE \< PPE.

###### Catalytic effect of MOF-based catalysts on hydrogenolysis of aromatic ethers

  Entry   Catalyst            Substrate   *T*, °C   Time, hours   Conv. %   Selectivity             
  ------- ------------------- ----------- --------- ------------- --------- ------------- ---- ---- ----
  1       IRMOF-74(I)         PPE         120       16            12        87                      91
  2       IRMOF-74(II)        PPE         120       16            39        83                      87
  3       IRMOF-74(III)       PPE         120       16            44        84                      88
  4       IRMOF-74(IV)        PPE         120       16            35        88                      90
  5       Ti\@IRMOF-74(I)     PPE         120       16            51        89                      90
  6       Ti\@IRMOF-74(II)    PPE         120       16            60        79                      83
  7       Ti\@IRMOF-74(III)   PPE         120       16            62        85                      87
  8       Ti\@IRMOF-74(IV)    PPE         120       16            56        84                      85
  9       Ni\@IRMOF-74(I)     PPE         120       16            68        91                      94
  10      Ni\@IRMOF-74(II)    PPE         120       16            82        96                      98
  11      Ni\@IRMOF-74(III)   PPE         120       16            84        94                      97
  12      Ni\@IRMOF-74(IV)    PPE         120       16            70        93                      96
  13      IRMOF-74(I)         BPE         120       16            10                      78        84
  14      IRMOF-74(II)        BPE         120       16            17                      73        78
  15      IRMOF-74(III)       BPE         120       16            28                      76        81
  16      IRMOF-74(IV)        BPE         120       16            18                      77        83
  17      Ti\@IRMOF-74(I)     BPE         120       16            33                      75        79
  18      Ti\@IRMOF-74(II)    BPE         120       16            42                      84        89
  19      Ti\@IRMOF-74(III)   BPE         120       16            47                      82        85
  20      Ti\@IRMOF-74(IV)    BPE         120       16            32                      83        85
  21      Ni\@IRMOF-74(I)     BPE         120       16            57                      82        85
  22      Ni\@IRMOF-74(II)    BPE         120       16            76                      91        95
  23      Ni\@IRMOF-74(III)   BPE         120       16            79                      89        92
  24      Ni\@IRMOF-74(IV)    BPE         120       16            50                      89        90
  25      IRMOF-74(I)         DPE         120       16            4                            79   82
  26      IRMOF-74(II)        DPE         120       16            9                            75   78
  27      IRMOF-74(III)       DPE         120       16            27                           80   83
  28      IRMOF-74(IV)        DPE         120       16            12                           77   79
  29      Ti\@IRMOF-74(I)     DPE         120       16            19                           81   85
  30      Ti\@IRMOF-74(II)    DPE         120       16            20                           77   80
  31      Ti\@IRMOF-74(III)   DPE         120       16            27                           84   84
  32      Ti\@IRMOF-74(IV)    DPE         120       16            22                           80   84
  33      Ni\@IRMOF-74(I)     DPE         120       16            29                           80   87
  34      Ni\@IRMOF-74(II)    DPE         120       16            34                           85   87
  35      Ni\@IRMOF-74(III)   DPE         120       16            51                           86   90
  36      Ni\@IRMOF-74(IV)    DPE         120       16            31                           85   88

![Conversion of aryl ethers by IRMOF-74 catalysts. Left: activated MOFs. Center: TiCl~*x*~-infiltrated MOFs. Right: Ni-infiltrated MOFs.](c9sc01018a-f1){#fig1}

Strikingly, however, when IRMOF-74(IV)Mg is the catalyst the conversion for all three ethers decreases from that obtained for IRMOF-74(III)Mg. The decrease is particularly large for DPE, from 27% conversion for IRMOF-74(III)Mg to only 12% for IRMOF-74(IV)Mg. Assuming that the Mg([ii]{.smallcaps}) OMS are the active site for the reaction, one might expect the III → IV conversion to decrease to ∼18% due to the lower volumetric density of OMS as the pore dimensions increase ([Table 1](#tab1){ref-type="table"}). However, this is inconsistent with the non-monotonic trend in the conversion. Moreover, the magnitude of the IRMOF-74(III)Mg → IRMOF-74(IV)Mg decrease is not the same for all three substrates. The IRMOF-74(III)Mg : IRMOF-74(IV)Mg conversion ratios are 0.444, 0.643, and 0.795 for DPE, BPE, and PPE, respectively, whereas the IRMOF-74(III)Mg : IRMOF-74(IV)Mg ratio of OMS volumetric density is 0.657 (determined from the crystal structures).[@cit43] These results are consistent with the reaction occurring with the pores, but more significantly, they suggest that the geometry of the pore is more important than the density of OMS or mass transport in determining the conversion.

The observed selectivities ([Table 1](#tab1){ref-type="table"}) are high in all cases; the small difference in selectivity for the two products of a given reaction (*e.g.*, ethylbenzene and phenol produced by the reaction of PPE) is due to some loss of the more volatile product to the head space of the reaction cell when the hydrogen pressure is released. There is also little variation in the selectivity across the four MOF catalysts. In no case was ring opening observed, as determined by RGA analysis of the head space gases after reaction (Fig. S2[†](#fn1){ref-type="fn"}) and the percentage of ring-hydrogenated product (primarily cyclohexanol) is in the low single digits. The uniformity of the selectivities for four different catalysts and three different substrates supports the notion that, once the substrate molecule is adsorbed within the pore, the hydrogenolysis reaction proceeds through a common reaction pathway that is not influenced by the pore size. We note that it is likely that some products and reactant remained in the MOF pores after the supernatant was removed, which will have a small effect on the measured conversions.

H--D exchange reactions
-----------------------

A key unknown regarding the catalytic reaction is the nature of the interaction between the MOF and hydrogen. Physisorption of H~2~ by MOFs is very weak, with limited charge transfer to the MOF, as indicated by typical isosteric heats of adsorption (*Q*~st~) of less than 10 kJ mol^--1^ at 77 K and ≤7 kJ mol^--1^ at room temperature.[@cit46] Therefore, physisorption is unlikely to activate H~2~ in any significant way. Adsorption is stronger when OMS are present, as in the IRMOF-74 topology. Long and coworkers obtained a *Q*~st~ for IRMOF-74(I)Mg of 10.3 kJ mol^--1^ at 77 K.[@cit48] They reported a slightly higher value (10.7 kJ mol^--1^) for Mg~2~(dobpdc) (dobpdc = 4,4′-dioxidobiphenyl-3,3′-dicarboxylate)[@cit49] (note: this structure is not identical to IRMOF-74(II)Mg, in which the oxido moieties are in the 3,3′ positions), indicating that increased pore size has little effect on H~2~ binding at low pressures. Neutron diffraction measurements and diffuse reflectance infrared spectroscopy for both IRMOF-74(I)Mg and IRMOF-74(II)Mg confirm that the OMS are the preferred sites for H~2~ binding.[@cit48],[@cit50]--[@cit52] These results suggest direct involvement of the Mg([ii]{.smallcaps}) OMS in our catalysts is possible.

Consequently, we sought more direct evidence of H~2~ activation by using hydrogen--deuterium exchange reactions. We reasoned that free hydrogen radicals are unlikely to exist during the hydrogenolysis reaction, but that the high concentration of H~2~ in the pores, coupled with the relatively strong interaction with the OMS, should lead to some H--D exchange. To confirm this hypothesis, H~2~/D~2~ isotope exchange experiments were performed with IRMOF-74(I)Mg in the presence of *p*-xylene and PPE at 120 °C. As seen in [Fig. 2](#fig2){ref-type="fig"}, formation of HD at *m*/*z* 3 is clearly observed from an equimolar H~2~ : D~2~ mixture after a 16 hours reaction in a quartz reactor. A control experiment carried out in *p*-xylene with PPE but without the MOF showed no HD formation during comparable amounts of time. This indicates that the MOF presence is required for efficient hydrogen--hydrogen bond activation.

![H--D isotope exchange experiment showing the formation of HD (*m*/*z* = 3) in the PPE/*p*-xylene/hydrogen reaction mixture in the presence of IRMOF-74(I)--Mg (*p* = 0.1 MPa). The data are qualitative as no calibration of the relative amounts for the different species were performed.](c9sc01018a-f2){#fig2}

^25^Mg solid-state NMR spectroscopy
-----------------------------------

More direct evidence of an interaction between reactant molecules and the Mg([ii]{.smallcaps}) OMS can be obtained from static ^25^Mg solid-state NMR. This potentially powerful diagnostic in this regard can be challenging, however, due to low sensitivity resulting from the quadrupole moment (spin 5/2) and the low natural abundance (10%). As a result, the signal width increases with asymmetry of the environment around Mg-centers, with typical chemical shifts between --50 to 20 ppm. To counteract these factors, double frequency sweep was coupled with Quadrupole Carr-Purcell-Meiboom-Gill (QCPMG) detection to enhance the signal; the resulting spectra of IRMOF-74(I) samples (natural abundance Mg) are shown in Fig. S5--S9.[†](#fn1){ref-type="fn"} These data show the overall lineshape divided into sharp lines ("spikelets"). This methodology was recently employed by one of us to successfully monitor the changes in the local environment of the MOF Mg~2~(dobpdc) upon adsorption of various guest molecules.[@cit53] In the present work, we compared the static QCPMG spectrum of the as-synthesized IRMOF-74(I) (spectrum labelled as "Activated" in Fig. S10[†](#fn1){ref-type="fn"}) with the spectrum of IRMOF-74(I) in the presence of various combinations of hydrogen, *p*-xylene and PPE. The results indicate subtle but noticeable differences in certain regions; to guide the eye, some of these are highlighted in Fig. S10 as A--D.[†](#fn1){ref-type="fn"}

Close examination of the ^25^Mg spectra suggests that the addition of PPE in xylene under 1.5 MPa H~2~(g) produces changes to the spectrum indicative of new species (in the vicinity of the marker "B" in Fig. S10[†](#fn1){ref-type="fn"}). To more clearly identify the spectroscopic signature of individual species within these complex spectra, we calculated ^25^Mg difference spectra for samples that differ by only one of the reaction components ([Fig. 3](#fig3){ref-type="fig"}). The first of these ([Fig. 3](#fig3){ref-type="fig"}, left) should reveal features associated with ^25^Mg interacting with the H~2(g)~ and comprises the difference between the spectra of IRMOF-74(I) with (*p*-xylene + PPE + H~2(g)~) and IRMOF-74(I) with only (*p*-xylene + PPE). Here, the scale was adjusted so that there are no negative-going signals in the difference spectrum. We fit this lineshape to obtain the electric field gradient parameter *C*~q~ and asymmetry parameter *η*~q~. The value of *C*~q~ obtained (4.79 MHz) is close to that obtained by directly fitting the spectrum in Fig. S8[†](#fn1){ref-type="fn"} (4.4 MHz). Similarly, the difference spectrum obtained by subtracting the spectrum of IRMOF-74(I) with (*p*-xylene + H~2(g)~) from that of IRMOF-74(I) with (*p*-xylene + PPE + H~2(g)~) reveals features associated with ^25^Mg interacting with PPE ([Fig. 3](#fig3){ref-type="fig"}, right). In this case, a smaller value of *C*~q~ (3.14) was obtained by fitting the difference spectrum.

![Left: ^25^Mg NMR spectra of IRMOF-74(I) catalyst with *p*-xylene and PPE under H~2(g)~ pressure, the catalyst with *p*-xylene and PPE with no H~2(g)~, the difference spectrum and the powder lineshape of the best fit of the difference (red) calculated with a *C*~q~ of 4.79 MHz and *η*~q~ of 1. Right: ^25^Mg NMR spectra of IRMOF-74(I) catalyst with *p*-xylene and PPE under H~2(g)~ pressure, the catalyst with *p*-xylene and H~2(g)~, the difference spectrum and the powder lineshape of the best fit of the difference (red) calculated with a *C*~q~ of 3.14 MHz and *η*~q~ of 1.](c9sc01018a-f3){#fig3}

These changes to the NMR spectra are distinct, but the nature of the interaction is difficult to determine *a priori*. Consequently, we employed DFT to compute ^25^Mg quadrupole couplings and assess whether the spectral assignments derived from the fits to experimental data are consistent with our hypothesized geometries (obtained from DFT-optimized structures of guest-free IRMOF-74(I), H~2~-loaded IRMOF-74(I), and PPE-loaded IRMOF-74(I); see below). The DFT-predicted values are compared with those obtained from experiment in [Table 3](#tab3){ref-type="table"}. We expect DFT to reproduce *C*~q~ trends, but these methods are known to overestimate the magnitude of *C*~q~ (note that first principles-predicted values of *C*~q~ can be positive or negative, but NMR can only measure the absolute value, which we used for our comparisons).[@cit54] Consequently, quantitative comparison with experiment is not justified. Nevertheless, the trends in *C*~q~ exhibited by experiment and theory in [Table 3](#tab3){ref-type="table"} are consistent and the values of *η*~q~ are similar, suggesting that the MOF geometries obtained from DFT are reasonable. As an additional check, if we assume a systematic overestimation of *C*~q~ by our DFT method (not unreasonable[@cit54]), multiplying the ratio of *C*~q~(exp.)/*C*~q~(DFT) for the H~2~ species (4.79/10.69) by the absolute value of the DFT prediction for the PPE species (6.75 MHz) yields a *C*~q~ value close to 3.0 MHz, in good agreement with that extracted from experiment (3.1 MHz). Based on the consistency of the combined experimental NMR data, the values of *C*~q~ and *η*~q~ obtained by fitting these data, and the DFT predictions, we conclude that the NMR data strongly support the hypothesis that both H~2~ and PPE (and by inference, the other ethers as well) interact directly with the Mg OMS in the MOF structure.

Effect of TiCl~*x*~ and Ni nanoparticle functionalization
---------------------------------------------------------

The IRMOF-74(I--IV)Mg samples infiltrated with TiCl~*x*~ and Ni(0) show higher conversions compared to undoped MOF catalysts ([Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). As we observed previously for IRMOF-74(I)Mg and IRMOF-74(II)Mg,[@cit47] the highest conversions are achieved using the Ni-functionalized MOFs. The selectivity, however, is largely unchanged by the addition of the two dopants. In all cases, it is clear that the MOF catalysts are responsible for the reaction, as no reaction occurred in the absence of the doped MOF catalyst. PXRD data (see Experimental methods section, [Fig. 5](#fig5){ref-type="fig"}) indicate that the crystallinity of the native MOFs is not affected by use in the catalysis reaction. We tested their stability following infiltration and reaction by performing elemental analysis with inductively coupled plasma optical emission spectrometry of the supernatant. No evidence of soluble Mg, Ti, or Ni species that could act as homogeneous catalysts was detected, indicating that the infiltrated metals remain within the MOF pores during the reaction. The bar graphs in [Fig. 1](#fig1){ref-type="fig"} also indicate that the trend with pore size exhibited by the undoped MOFs is maintained in the presence of both dopants, suggesting that the fundamental reaction mechanism is not altered by the acceleration induced by TiCl~*x*~ and Ni(0). Strictly speaking, these data do not rule out the possibility of pore collapse. However, post-reaction PXRD data for the doped versions of IRMOF-74(I)Mg and IRMOF-74(II)Mg indicate no loss of crystallinity.[@cit44] Moreover, no new peaks appeared in the PXRD, showing that new crystalline phases are not formed. On this basis, we are confident that it is the doped crystalline MOF that is performing the catalysis.

DFT modeling of the MOF--ether interaction
------------------------------------------

A potential explanation for the non-monotonic conversions as a function of pore size could be unexpected differences in the binding energies of the substrates. To test this hypothesis, we computed the binding energies and preferred orientation of the three substrates (PPE, BPE, and DPE) within the pore cavity of all four MOFs using DFT. The results indicate that the preferred substrate orientation in all cases is parallel to the *c* axis of the pore (Fig. S4[†](#fn1){ref-type="fn"}), with the ether O atom binding to the Mg([ii]{.smallcaps}) OMS. As shown by the binding energies given in [Table 2](#tab2){ref-type="table"} which correspond to the axially oriented geometry, ether binding to IRMOF-74(III)Mg is considerably stronger than to the other three MOFs. For example, the PPE binding energy to IRMOF-74(III)Mg is nearly 40 kJ mol^--1^ higher than to IRMOF-74(IV)Mg. This is surprising, given the similar binding mode of these molecules in all four MOFs (Fig. S4[†](#fn1){ref-type="fn"}). However, it can be rationalized by examining the optimized MOF structures, such as those shown in [Fig. 4](#fig4){ref-type="fig"}. Unique among the four MOFs, the Mg([ii]{.smallcaps}) ions in the IRMOF-74(III)Mg framework in the absence of substrate are displaced toward the interior of the MOF pore, resulting in a decreased *c*-lattice parameter: IRMOF-74(I)Mg: 6.7588 Å; IRMOF-74(II)Mg: 6.8483 Å; IRMOF-74(III)Mg: 6.4739 Å; IRMOF-74(IV)Mg: 6.6940 Å. Consequently, a closer approach of the ether molecule to the Mg([ii]{.smallcaps}) is enabled by the distortion of the IRMOF-74(III) structure, which facilitates substrate binding. These structural features and energies therefore suggest that IRMOF-74(III)Mg should have the highest catalytic rate, by virtue of a stronger Mg--O bond (*i.e.*, greater O → Mg charge transfer) that both weakens the substrate ether bond and increases the lifetime at the OMS.

###### Ether--MOF and phenol--MOF binding energies (kJ mol^--1^, 0 K) predicted by DFT/SCAN

           IRMOF-74(I)Mg   IRMOF-74(II)Mg   IRMOF-74(III)Mg   IRMOF-74(IV)Mg
  -------- --------------- ---------------- ----------------- ----------------
  DPE      59.7            59.1             94.7              55.8
  BPE      63.4            69.1             99.8              65.6
  PPE      64.2            73.6             98.1              71.0
  Phenol   63.7            75.4             117.3             69.1

###### DFT calculated and experimental ^25^Mg electric field gradient parameters

                         *C* ~q~ (DFT)   *η* ~q~ (DFT)   *C* ~q~ (exp.)   *η* ~q~ (exp.)
  ---------------------- --------------- --------------- ---------------- ----------------
  IRMOF-74(I)Mg          11.98           0.59            7.7              0.70
  IRMOF-74(I)Mg + H~2~   10.69           0.64            4.8              1.00
  IRMOF-74(I)Mg + PPE    --6.75          0.85            3.1              1.00

![A close up of the preferred binding orientation of DPE in IRMOF-74(II), left, and IRMOF-74(III), right. The distance shown correspond to the Mg--O bond length.](c9sc01018a-f4){#fig4}

Discussion
==========

The results above demonstrate that the IRMOF-74-*n*(Mg) (*n* = I--IV) MOF series catalyzes the hydrogenolysis of aryl ether bonds. The hypothesis that the reaction occurs at the OMS is consistent with the known ability of these sites to bind small molecules[@cit43],[@cit55],[@cit56] and with data we previously described for the first two members of the series.[@cit47] However, it is also clear that, in spite of the nominally uniform topology of these MOFs and steady increase in pore size from IRMOF-74(I) to IRMOF-74(IV), several complex and interacting phenomena, including pore dimensions, ether binding energy, and H~2~ activation rate, combine to yield the non-intuitive behavior exhibited by the four frameworks. In this section, we assemble the conclusions from the experimental and theoretical elements of this investigation to provide insight concerning the multifunctional behavior of these catalysts.

First, all four MOFs are intrinsically catalytically active, independent of infiltration with TiCl~4~ or Ni, and are structurally stable under the reaction conditions. Moreover, pore size influences the conversion of the three ether reactant molecules, all of which are small enough to fit within the pores of these MOFs. The measured selectivities for formation of phenol and C~6~H~5~R (R = H, CH~3~, or C~2~H~5~) indicate that the reactions in [Scheme 1](#sch1){ref-type="fig"} occur without ring opening or hydrogenation, consistent with a single reaction channel. A key realization from the DFT modeling is that, although the pores of these MOFs are nominally the same from a topological viewpoint, they are not identical. In particular, the linkers for IRMOF-74(III) and IRMOF-74-(IV) are functionalized with methyl groups to improve solubility. The DFT modeling further suggests that, at least in the case of IRMOF-74(III), these groups affect the catalytic activity. It is important to note that, in contrast to a number of other MOFs, defects in the form of missing linkers or cation vacancies have not been reported for MOF-74.[@cit57] In fact, from a structural rigidity and bonding point of view, this is one of the most stable MOFs. Consequently, the catalytic activity should be associated with their expected crystallographic structure.

The ^25^Mg NMR results indicate that significant changes occur in the coordination environment of Mg([ii]{.smallcaps}) upon addition of H~2~ in the presence of *p*-xylene and PPE ([Fig. 3](#fig3){ref-type="fig"} and S5--S10[†](#fn1){ref-type="fn"}). For as-activated IRMOF-74(I)Mg, the ^25^Mg NMR spectrum is typical of a second-order quadrupole pattern (Fig. S5[†](#fn1){ref-type="fn"}) with electric field gradient parameter *C*~q~ of 7.7 and 2.8 MHz, respectively for the ordered and disordered Mg([ii]{.smallcaps}) states. Addition of hydrogen gas to IRMOF-74(I) results in the appearance of another species distinct from MOF alone with a *C*~q~ value of 5.5 MHz for dry (Fig. S6[†](#fn1){ref-type="fn"}) and 4.8 MHz for *p*-xylene solvated ([Fig. 3](#fig3){ref-type="fig"} and S8[†](#fn1){ref-type="fn"}). Since the residence time of H~2(g)~ on the Mg([ii]{.smallcaps}) site is fairly short at the experimental temperature (25 °C), it is reasonable to assume that this spectrum is the result of some dynamic or exchange process that is not accounted for in our simulations and might be influenced by the presence of solvent. This new species is due to direct interactions of H~2~ molecules with the Mg([ii]{.smallcaps}) OMS on the MOF, which likely plays a role in activating H~2~ during the hydrogenolysis process. Similarly, when the solvated MOF is exposed to PPE there is evidence for a direct interaction with the Mg([ii]{.smallcaps}) ([Fig. 3](#fig3){ref-type="fig"} and S7[†](#fn1){ref-type="fn"}).

The hydrogenolysis reactions in the presence of uninfiltrated MOFs do not go to completion (maximum conversion is ∼45% for PPE/IRMOF-74(III)Mg, [Table 1](#tab1){ref-type="table"}). In general, this could be due to a mass transport limitation, a thermodynamic equilibrium effect, or a kinetic difference resulting from the differing pore structures. In addition, since the reaction occurs in a heterogeneous system with three different phases present (gas, liquid and solid), there are likely multiple processes occurring at simultaneously at different interfaces that may affect the conversion efficiency. We rule out mass transport because the continuous increase in pore size does not lead to corresponding continuous increases in conversion. The pore cross-sectional area increases by factor of ∼9 for IRMOF-74(I)Mg → IRMOF-74(IV)Mg, which should lead to an increase in conversion, or at a minimum, saturation. Since this is counter to observation, we conclude that chemical factors, such as confinement effects, substrate binding energies, and the reaction potential energy surface, are responsible for the non-monotonic conversion trend.

Competition for active sites between the ether substrate and product molecules is an alternative explanation for the incomplete conversions we observe. Confinement of molecules within the pores increases the local concentration and thus reaction inhibition could occur regardless of whether the reaction is near equilibrium or kinetically controlled. The predicted binding energies of phenol ([Table 2](#tab2){ref-type="table"}), a product in each of the reactions ([Scheme 1](#sch1){ref-type="fig"}), are either the same (within the uncertainty of the calculations) or larger (for IRMOF-74(III)) than the ether binding energies. This indicates that phenol likely competes with incoming ether molecules for the OMS. To test this hypothesis, we performed hydrogenolysis experiments with PPE and IRMOF-74(I--IV) in the presence of one equivalent of phenol added at the beginning of the reaction. We observe that the PPE conversion efficiency is unchanged for IRMOF-74(I), possibly due to steric constraints imposed by the small pore diameter (1.1 nm). The conversion decreases for the other three MOFs with larger pores (Table S4, ESI[†](#fn1){ref-type="fn"}). Notably, the largest decrease in conversion was observed for IRMOF-74(III), which is consistent with the higher phenol binding energy to IRMOF-74(III)Mg compared with the other MOFs (117 kJ mol^--1^*vs.* 64--75 kJ mol^--1^). It is thus apparent that, although product inhibition occurs, this affect cannot alone explain the observed trend in conversion efficiency.

Consequently, we conclude that the observed conversion trends, both with and without additional reaction-inhibiting phenol, are consistent with the computed binding energies ([Table 2](#tab2){ref-type="table"}). In fact, close examination of the data in [Table 1](#tab1){ref-type="table"} shows that the conversions for IRMOF-74(II) and IRMOF-74(IV) are nearly the same, in agreement with their nearly identical substrate and phenol binding energies. This is in spite of the fact that the pore size of IRMOF-74(IV) is nearly double that of IRMOF-74(II) (Table S1[†](#fn1){ref-type="fn"}). As discussed above, the Mg([ii]{.smallcaps})--(ether O) bond distance in IRMOF-74(III) is shorter than in the other three MOFs due to the contracted unit cell. XRD data for the DPE-loaded IRMOF-74(I) and IRMOF(II) catalysts suggest that the unit cell is essentially unchanged upon the infiltration of the MOF with guest ether molecules (Fig. S3[†](#fn1){ref-type="fn"}), indicating that a structural distortion upon substrate binding does not occur. Moreover, the predicted ether and phenol binding energies display the same qualitative trend (up--up--down) regardless of substrate, mirroring the conversion trends ([Tables 1](#tab1){ref-type="table"} and S4[†](#fn1){ref-type="fn"}). This leads us to the important conclusion that a common topology within an isoreticular MOF series does not guarantee that differences in chemical behavior will be due only to variations in pore size.

It is also clear that H~2~ activation must occur for these hydrogenolysis reactions to proceed. The formation of HD under experimental conditions in *p*-xylene confirms this, a result that is consistent with a large body of data, including neutron diffraction and high-pressure diffuse reflectance IR measurements, showing that H~2~ binds to the OMS in both IRMOF-74-(I) and IRMOF-74(II).[@cit58] The hydrogen isosteric heat of adsorption (*Q*~st~) of IRMOF-74-(I) at 298 K is relatively high at 9.4 kJ mol^--1^.[@cit59] Magnesium also forms stable bonds with hydrogen (*e.g.*, MgH~2~), which provides an additional thermodynamic driving force for H--H bond activation. Infiltration with TiCl~4~ and Ni nanoparticles provides an additional probe of the H~2~ activation mechanism. Reduction in H~2~ prior to reaction with the ethers creates TiCl~3~ and Ni nanoparticles as seen by XPS, both of which are known to activate H~2~.[@cit47] As a result, conversion increases substantially, as seen in [Fig. 1](#fig1){ref-type="fig"}. However, the trend among the four IRMOF-74 catalysts and in the series of the three ethers for a fixed catalyst is similar to that exhibited by the activated MOFs. This indicates that, although TiCl~3~ and Ni nanoparticles supply additional sites for H~2~ activation, the factors controlling the conversion are unchanged. It also implies that the OMS binds the ether molecule, possibly with a specific orientation, thereby activating the C~6~H~5~O--R bond.

An important remaining issue is the nature of the H~2~ activation by this MOF. We considered three possible reaction pathways: (1) homolytic H--H bond cleavage, followed by H atom migration *via* spillover; (2) H~2~ and ether binding to neighboring OMS, followed by H~2~ attack on the ether; this could occur either by a concerted process involving an ether--H~2~ transition state, or *via* heterolytic H--H bond cleavage followed by reaction of the resulting hydride and proton with the ether molecule; and (3) ether binding to an OMS, followed by H~2~ binding/attack at the same OMS. Pathway (1) is unlikely, given that the Mg([ii]{.smallcaps}) OMS lacks the d orbitals normally involved in homolytic cleavage. However, if homolytic cleavage were to occur, a recent investigation by Karim *et al.* of hydrogen spillover on nano-patterned oxide substrates demonstrates that H atoms can diffuse long distances across metal oxides.[@cit60] They also showed that H atoms formed on Pt can diffuse on an aluminum oxide support as far as 15 nm, albeit inefficiently, which should easily be far enough to encounter an ether molecule.

Regarding pathway (2), in our previous investigation of NaAlH~4~-infiltrated IRMOF-74-(I)(Mg),[@cit34] we estimated that, on average, there was one TiCl~*x*~ molecule for every 50 Mg([ii]{.smallcaps}) OMS, giving a distance between Ti atoms of about 3 unit cells in the axial direction (3 × 6.5 Å = ∼20 Å). This light doping was sufficient to make H~2~ desorption reversible from nanoscale NaAlH~4~ in the pores. In the present investigation, dopant loadings are significantly higher (\>1.5 wt% *vs.* 0.6 wt% in the earlier study), presumably reducing the diffusion distance required for an activated H~2~. We estimate that the average separation between TiCl~*x*~ or Ni nanoparticle dopants is at most 8 Å, or about one per unit cell. The shortest distance between Mg([ii]{.smallcaps}) OMS in the IRMOF-74(I) structure is ∼5 Å, corresponding to the Mg--O--Mg chain in the continuous helical structure forming the MOF; this is well within the range of hydrogen spillover on Al~2~O~3~.[@cit60] This suggests that H~2~ bound to an OMS can react with an ether molecule on a neighboring OMS, either by diffusion from one site to another, or potentially *via* a concerted mechanism involving a (H~2~)Mg--O--Mg(ether) transition state. These observations suggest a direction for reaction modeling, in which transition state theory could be applied to evaluate the energetics of the possible ether--H~2~ binding geometries.

Pathway (3) is the most likely in our estimation. The higher binding energy predicted for the ethers ([Table 2](#tab2){ref-type="table"}) favors this. Moreover, it does not require a more complex, dual-OMS transition state or diffusion of an H atom from one site to another. A recent study of H~2~ binding to a Mn--S analogue of IRMOF-74-(I) shows that binding of multiple H~2~ to an OMS is possible.[@cit61] The ether substrates used here are obviously much bulkier, raising the question whether there is sufficient space for both the ether and H~2~ to bind to the same site. This could possibly be resolved by additional DFT calculations, but at a very high level to ensure accurate H~2~ binding energies, as discussed elsewhere.[@cit62]

Conclusions
===========

The results presented here show that four members of the isoreticular IRMOF-74 series catalyze hydrogenolysis of aromatic ether bonds with high selectivity, considerably extending and confirming our earlier report concerning only the first two MOFs in the series[@cit44] and suggesting that similar catalytic behavior should be exhibited by the rest of the series. Compared with other hydrogenolysis catalysts, these MOFs contain no platinum group elements and do not require a sacrificial base, but yet can activate H--H and C--O bonds. Substrate conversion is enhanced by confinement of Ti and Ni transition metal dopants within the MOF pores. However, this is not required; significant conversions are observed without any Ti or Ni present, indicating that the MOF itself actively participates in the reaction, most likely through the interaction of the ether molecules with the OMS. Although we do not yet have structural data revealing the specific geometry of the ether--MOF complex, the combined evidence from ^25^Mg NMR spectra and the DFT calculations create a plausible picture of a transition state involving an ether molecule strongly bound to the Mg([ii]{.smallcaps}) OMS through the oxygen atom. The ability of the MOF to activate H~2~ is confirmed by H--D exchange experiments and ^25^Mg NMR spectroscopy, providing convincing new evidence for a valuable, but unexpected, property of MOFs with OMS. This conclusion is also consistent with prior literature showing that H~2~ binds to the Mg([ii]{.smallcaps}) OMS.[@cit48],[@cit49] Finally, the unexpected increase in the ether and phenol binding energy predicted for IRMOF-74(III) relative to the other three MOFs, induced by a subtle change in the linker, suggests that careful consideration of correlated steric and energetic effects must be made when attempting to design new MOF catalysts. This result has significant consequences for MOF catalyst design, as it challenges the notion that isoreticular MOFs enable systematic variation in pores size without fundamental changes in reactivity. Overall, the new insight created by this investigation should prompt new reflection upon the factors governing the chemical reactivity of all MOFs, particularly those having OMS.

Experimental and theoretical methods
====================================

Synthesis
---------

Air-sensitive operations were performed using standard glove-box and Schlenk line techniques under argon. All chemicals and solvents were obtained from commercial sources.

### Synthesis of IRMOF-74(I)--Mg

IRMOF-74(I)--Mg was synthesized using a slightly modified literature procedure[@cit44] from the solvothermal reaction of 2,5-dihydroxyterephthalic acid (98%, Aldrich) with magnesium nitrate (99%, Aldrich) in a mixture of *N*,*N*-dimethylformamide (DMF) (99%, Acros), absolute ethanol (99.5%, Aldrich), and deionized water. Mg(NO~3~)~2~·6H~2~O (0.729 g, 2.84 mmol) and 2,5-dihydroxyterephthalic acid (0.198 g, 1.0 mmol) were dissolved under sonication in a 20 : 1 : 1 (v/v/v) mixture of DMF (80 mL), ethanol (4 mL), and water (4 mL). The homogeneous solution was then transferred to a 150 mL Teflon-lined stainless-steel autoclave. The autoclave was capped tightly and heated to 125 °C in an oven. After 24 hours the autoclave was removed from the oven and a yellow microcrystalline material was recovered and washed with 10 mL DMF. The product was then soaked in 20 mL DMF and heated to 80 °C for 4 hours. The solvent was carefully decanted from the product and replaced with 20 mL anhydrous methanol and stirred for 2 hours. Fresh methanol was used for solvent exchange for four more times. The yellow precipitate was isolated by filtration and washed thoroughly with methanol. The MOF was activated under a dynamic vacuum at 195 °C for 16 hours, yielding a yellow crystalline material.

### Synthesis of IRMOF-74(II)--Mg, IRMOF-74(III)--Mg and IRMOF-74(IV)--Mg

IRMOF-74(II)--Mg, IRMOF-74(III) and IRMOF-74(IV) materials were isolated and activated following the published literature procedure in which Mg(NO~3~)~2~·6H~2~O is reacted with the corresponding linker. The as-synthesized MOFs were solvent-exchanged and activated using a modified literature procedure,[@cit43] in which the powders were washed with DMF and solvent exchanged five times inside a nitrogen purge box. The materials were dried and activated by applying dynamic vacuum for 2 hours at room temperature (rt), followed by ramping the temperature to 125 °C (0.5 °C min^--1^). The samples were kept at 125 °C for 18 hours, cooled to rt, and transferred to a glovebox. PXRD data are in good agreement with computed diffraction patterns obtained from the reported crystal structures ([Fig. 5](#fig5){ref-type="fig"}). The SEM images of the as-synthesized MOF powders are shown in Fig. S1A[†](#fn1){ref-type="fn"} and indicate micron and sub-micron particle sizes for all four catalysts. Nitrogen Brunauer--Emmett--Teller (BET) surface areas (Table S1[†](#fn1){ref-type="fn"}) are in excellent agreement with the previously reported values.[@cit43]

![Powder XRD patterns of the activated and cycled IRMOF-74(I--IV) catalysts.](c9sc01018a-f5){#fig5}

Infiltration methods
--------------------

Doping of IRMOF-74(*n*)-Mg with TiCl~*x*~ or Ni(0) was accomplished by vapor-infiltrating the pores with TiCl~4~ and Cp~2~Ni using methods we employed previously.[@cit34],[@cit47] First, the activated MOF was exposed to TiCl~4~ or Cp~2~Ni vapors at 90 °C overnight (16 hours). This caused the MOF powder to change color from yellow to dark tan/brown color. Heating these materials to 95 °C in H~2~ (1.0 MPa) for two hours reduces the TiCl~4~ to TiCl~3~ and Ni([ii]{.smallcaps}) is converted to Ni(0) species, as indicated by XPS.[@cit47] The Ti and Ni metals are homogeneously distributed within the MOF materials, as determined by EDX (Fig. S1B[†](#fn1){ref-type="fn"}). Elemental analysis indicates that the Ti loading is in the 1.52 to 1.96 wt% range, whereas the Ni loading is in the 2.91 to 3.43 wt% range (Table S2[†](#fn1){ref-type="fn"}).

Hydrogenolysis experiments and GC-MS
------------------------------------

Catalytic hydrogenolysis reactions were performed in a stainless-steel reactor equipped with a hydrogen feed. In a typical procedure, 45 mg of catalyst powder were placed the reactor, then a solution of the corresponding substrate (PPE, BPE or DPE, 0.5 to 1.0 mmol) in *p*-xylene (2.5 to 5.0 mL) was added. The reactor was pressurized with gaseous hydrogen, sealed, and heated using a heating mantle equipped with thermocouples. Following the reaction, the reactor was cooled to rt and the catalyst separated by filtration. The composition of the liquid fraction was analyzed by GCMS using an Agilent Varian CP-3800 Gas Chromatograph equipped with a DB-WaxETR column (30 m × 0.25 mm × 0.5 μm) with output split between a Saturn 2000R mass-spectrometer and an FID detector (H~2~/air). Helium was used as a carrier gas, with a constant column flow of 1.2 mL min^--1^. The control reactions with all three substrates, but no MOF catalyst present were also performed and consistently showed 0% conversion.

Other characterization methods
------------------------------

Liquid-phase ^1^H and ^13^C NMR experiments were performed on a Varian 500 MHz spectrometer using d~10~-xylene solvent. MOF catalyst powders were also characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy dispersive X-ray spectroscopy (EDX). Powder morphology and composition was analyzed using a JEOL 7600 microscope (JEOL Ltd., Tokyo, Japan). Powder XRD experiments were carried out using a PANalytical Empyrean™ diffractometer equipped with a PIXcel-3D detector and a Cu XRD tube operated at 44 kV and 40 mA (Cu K-alpha radiation, *λ*~α~ = 1.5 418 704 Å). Experiments were conducted in continuous scanning mode with the goniometer in the theta-2theta orientation. Incident beam optics included a 1/16° divergence slit and a 1/8° anti-scatter slit, as well as a 10 mm fixed incident beam mask and a Soller slit (0.04 rad). Divergent beam optics included a P7.5 anti-scatter slit, a Soller slit (0.04 rad), and a Ni K-beta filter. Inductively coupled plasma optical emission spectrometry (ICP-OES) analysis was performed by ALS Environmental, Inc. Surface area measurements (Brunauer, Emmett and Teller (BET) method) were determined using a Micromeritics ASAP 2020 porosimeter.

H/D exchange reactions
----------------------

An in-house apparatus that provided calibrated mixtures of H~2~ and D~2~ and a residual gas analyzer (RGA) to detect changes in the partial pressures of H~2~, HD, and D~2~ as a function of time. The experimental setup consists of a stainless steel manifold interconnecting gas bottles filled with H~2~ and D~2~, a turbo-pumped SRS200 RGA, and a 13 cm^3^ sample cell separated from the manifold by two valves. The sample cell was a commercial 1 cm OD Pyrex glass tube with a glass-to-metal transition to a VCR fitting with a metal seal. MOF samples were loaded into holders in an nitrogen-filled glove box and connected to the manifold.

Solid-state NMR spectroscopy
----------------------------

Static ^25^Mg NMR experiments were performed on a 20.0 T (850 MHz for ^1^H and 51.99 MHz for ^25^Mg) Agilent VNMRS spectrometer at the Environmental Molecular Sciences Laboratory (EMSL), Pacific Northwest National Laboratory (PNNL), using a homebuilt 5 mm MAS probe double tuned to ^1^H/^25^Mg. Quadrupole Carr-Purcell-Meiboom-Gill (QCPMG)[@cit63] experiments were performed on stationary samples of approximately 30 mg of MOF. The spike separation in the QCPMG experiments was 1 kHz. A ^25^Mg 90° pulse of 7.5 μs was measured for a sample of 1 M MgCl~2~(aq), corresponding to a selective 90° pulse of 2.5 μs for solid samples. This sample also served as a chemical shift reference at 0.0 ppm. A Double Frequency Sweep (DFS) sequence was utilized in front of the QCPMG sequence to enhance the signal sensitivity.[@cit64] The DFS parameters were optimized using a ^25^Mg(HCOO)~2~·2H~2~O sample. The recycle delays were 5 s. To prevent lineshape distortion due to radiofrequency (RF) effects,[@cit65] the excitation power was reduced to 25 kHz (selective for the ±1/2 transition) for the QCPMG train and the overall lineshape was reconstructed from several shifted transmitter offsets (10 kHz) with a skyline projection.[@cit66] The number of transients for each transmitter offset was 2048. The ^1^H decoupling scheme used for the static ^25^Mg SSNMR experiments was SPINAL-16 ([@cit67]) with a field strength of approximately 24 kHz.

The principal observable in a solid-state NMR experiment on a quadrupolar nuclide is the quadrupole coupling constant, *C*~q~.[@cit68] The experimental NMR spectrum is dominated by the quadrupolar Hamiltonian and the lineshape of the observed central transition (±1/2) is broadened by the quadrupolar interaction to second-order. This quadrupolar lineshape is proportional to:

In other words, the width of the lineshape is proportional to the square of *C*~q~ and inversely proportional to the Larmor frequency, *ω*~0~, of the nucleus in question. This field dependence is an essential tool in the disentanglement of quadrupolar lineshapes. The coupling constant is directly proportional to the electric field gradient at the nuclide of interest and is given by: in which *Q* is the quadrupole moment[@cit69],[@cit70] of the nucleus in question and *q*~*zz*~ is defined as the largest absolute value of the computed field gradient tensor in the principal axis system (PAS) described by diagonalized field gradient tensor *q*. The traceless field gradient tensor[@cit71] in its PAS frame can be described in terms of *q*~*zz*~ and its asymmetry parameter, *η*~q~:

The units for *q*~*zz*~ as expressed in eqn (2) are atomic units and the factor of 46.852 MHz can be computed if the atomic constants (*e*, *a*~0~, and *h* have their usual meanings) are expressed in cgs units and the value of *Q* is given as 0.1994 × 10^--24^ cm^2^.[@cit70] The experimentally derived quadrupole coupling constant can therefore be compared to that predicted by an *ab initio* molecular orbital calculation.

First-principles modeling
-------------------------

All density functional theory (DFT) calculations were performed using the Vienna *Ab initio* Simulation Package (VASP)[@cit72],[@cit73] using a single *k*-point, energy cut of 350 eV, and the non-empirical strongly constrained and appropriately normed (SCAN)[@cit74],[@cit75] meta-GGA exchange-correlation functional. The SCAN functional was used because it has been shown to predict accurate geometries and energies for non-covalently bonded (*e.g.* van der Waals) complexes,[@cit76] which is important for modeling substrates/molecules adsorbed onto the sidewall of a MOF. The binding energies (BE) were predicted in the usual fashion (BE = substrate\@MOF -- substrate -- MOF). To help identify the preferred binding mode, each substrate molecule was manually placed within the pore cavity of each MOF in several starting orientations and optimized until all forces were less than 0.01 eV Å^--1^; the cell parameters were fixed to the experimental values.[@cit43] In addition, 1 × 1 × 3 supercells were created to extend the length of the pore channel to allow the substrates to adopt orientations parallel to the pore axis. The isolated substrates were placed in 25 Å^3^ boxes and optimized; all the same computational parameters were used.

DFT electric field gradient (EFG) calculations were performed to calculate the ^25^Mg quadrupolar coupling constant (*C*~q~) and asymmetry parameter (*η*~q~) using the Quantum Espresso electronic structure software.[@cit77] The rVV10 functional,[@cit78] which accounts for van der Waals effects, and projector-augmented-wave (PAW) pseudopotentials were employed.[@cit79],[@cit80] A 60 Ry plane-wave energy cutoff and a 400 Ry density cutoff were used in all calculations. The gauge-including projector-augmented-wave (GIPAW)[@cit81] software in Quantum Espresso was used to calculate the EFG of the magnesium nuclei.
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